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ABSTRACT

SPACE RADIATION TESTS ON REFLECTIVE SURFACES

An experimental program was conducted to verify the stability of the Boeing-
developed barrier-layer anodized aluminum reflecting surfaces in a simulated
Earth-Mars charged particle radiation environment. This type of reflective
surface is used to reflect sunlight onto solar cells in a light-concentrating
solar cell panel design developed in earlier JPL contracts. Tests were also
performed to determine the effects of charged particles on thermal properties
of solar concentrator coatings including vapor deposited aluminum, chemically
brightened aluminum, and high-emittance barrier-layer anodic coatings; and of
spacecraft coatings including zinc oxide,potassium silicate, and zinc oxide,
LTV-602 silicone coatings.

A 230-day Mars flight was chosen as a typical space mission. To evaluate the
effects of the charged particle environment of this mission, specimens were
bombarded with protons of energies 1 to 9 Kev and 2.5 Mev, and alpha particles
of energies 2-16 Kev and 5.0 Mev. The barrier-layer anodized specimens were
exposed to integrated particle flux (fluence) ranges for the various combinations
of particles and energies as follows: Kev-energy protons, 9.5 x 1014 10 1. 47 x
1017 protons sq.cm.; Mev-energy protons, 7.1 x 1012 to 1.3 x 1015; Kev-energy
alpha particles, 5 x 1012 to 1 x 1016 alphas/sq.cm.; and Mev-energy alpha
particles, 1.1 x 1013 to 4.4 x 1014, The large integrated fluxes were chosen

for Mev tests to obtain significant damage to samples for correlation studies.

The results of radiation tests and reflectance measurements on the barrier-layer
anodic coatings proved them to be the most radiation-resistant of any six coatings
tested. It was concluded that for an estimated Earth-Mars solar wind (protons
and alpha particles) fluence of 8 x 1015 particles/sq.cm., a negligible change

in solar absorptance will occur. No changes in emittance were observed in the
anodic coatings. A fluence of Kev-energy particles on the order of 3 x 1016
protons, sq.cm. must be encountered before a significant change in solar absorp-
tance occurs. A fluenceof 9.25 x 1016 protons /sq. cm. was required to cause the
solar absorptance to increase from 0.12 before irradiation to 0,23 alter ivradia-
tion,

A calculation was made to determine the reduction in solar-cell short cirauit
current output in a concentrating panel, resulting from reflectance degradation
of the anodized vellective surfaces., The reduction in current output due to
reflectance changes will be negligible for an Farth-Mars mission,  Fluences as
high as 9,25 x 1o 16 protons /sq. em. only reduced the caleulated short cireuit

current output by 5.7 pereent,
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The zinc-oxide pigmented coatings were found to be much more radiation-sensi-

tive than the barrier-layer anodized aluminum and other solar concentrator coatings.

In Kev-energy proton tests a damage threshold of about 8 x 1014 protons/sq.cm. was
observed for the zinc oxide /LTV-602(S-13) silicone coatings, whereas, the threshold

for zinc oxide /potassium silicate (Z-93) coatings was found to be about 2 x 101% protons/
sq.cm. The estimated percentage changes in solar absorptances of the two paints due

to an Earth-Mars mission solar wind fluence are 29 and 54 percent for S-13 and Z-93,
respectively.

Both the vapor-deposited aluminum and chemically brightened aluminum blistered
during irradiation with Kev-energy protons. The blisters, varying from 0.1 to

3 microns in diameter, caused an increase in the diffuse reflectance and a
decrease in the total hemispherical reflectance. A proton fluence of 1 x 1016
protons.'sq.cm. caused the total hemispherical reflectance to decrease by about
12 percent.
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1.0 INTRODUCTION

The experimental program described in this report was conducted to fulfill the
requirements of Jet Propulsion Laboratory (JPL) Contract 950998 entitled,

""Space Radiation Tests on Reflecting Surfaces.' Submission of this final report

to JPL completes contract commitments. The program was initiated on Septem-
ber 1, 1964, and was scheduled for completion on March 2, 1965. However,

test equipment operation problems necessitated extending the contract performance
period to June 2, 1965. The problems encountered were primarily due to
troubleshooting the new test equipment and would not be expected in future test-
ing. All test samples were satisfactorily irradiated after the equipment prob-
lems were eliminated. '

This program was a follow-on to earlier contract programs (JPL Contracts
930270 and 950122) in which a light-concentrating solar cell panel was developed
(References 1 and 2). One of the prime requirements for a solar cell concen-
trating panel or solar concentrators in general, is stability of the reflective
surfaces in the pre-launch and space environments. It was found in these
earlier programs that a high-purity aluminum surface which was anodized by a
barrier-layer process, was highly stable in pre~launch and space environments.
Abrasion, salt spray, humidity, temperature, and vacuum ultraviolet tests were
conducted to prove-out the stability of the barrier-layer anodized aluminum.

A limited number of cobalt-60 gamma radiation and 1.8 Mev proton tests
(References 3 and 4) were conducted in a Boeing research program which indi-
cated adequate stability of the barrier-layer coated aluminum in radiation
environments which produce ionization and atomic displacements.

Subsequent to these tests, the solar cell concentrator pancls have been studied
as a candidate solar panel for Earth-Mars missions. Since the environment of
an interplanetary space mission includes a large dose of solar protons and alpha
particles, it was desired to evaluate the stability of solar panel reflective
surfaces in charged particle tests. A study of the interplanctary environment
was conducted which showed that the 1 to 4 Kev encergy protons and alpha parti-
cles would probably produce the most damage to the reflective surfaces.  This
conclusion was based on the fact that particles of this encrgy range (solar wind
particles) were much more numerous than higher encrgy particles (solar cosmic
ray particies), amd the assumption that the low energy particles would he
capable of producing more displacement, ionization, and sputtering damage to
surfaces than high energy pavticles,

To simulate the Earth-Mars environment, a program was planned in which low
energy (1-16 Kev) proton and alpha particle experiments received maximum
cmphasis.  However, to obtain experimental data for studies ol depewdence of
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damage on energy, tests with 2.5 Mcv proton and 5.0 Mev alpha particles were
included in the program. The specific tests recommended at the outset of the
program were: 1, 2, 4 and 8 Kev protons, fluences of 1014, 1019, and 1016
protons/sq.cm.; 2, 4, 8, and 16 Kev alphaq 1013, 1014, and 1017 alphas/s .cm.
2.5 Mev protons, 1014, 1015, and 1016; 5.0 Mev alphas, 1013, 1014, and 1015

It will be noted in this report that the proposed ranges of energics and ﬂuences
were covered except for minor deviations. These deviations were mutually agreed
to by JPL and Boeing except for those dictated by available beam current in the
high energy tests. The anticipated maximum fluence levels in the high energy
tests were not achieved, however, the fluences obtained were well above the
expected Earth-Mars mission dose,

The results of this research program point out the need for further experiments
on some of the materials tested. The thermal properties of the barrier-layer
anodized reflective surface have bheen clearly shown to be stable for an Earth-
Mars mission, in fact, more stable than unprotected aluminum surfaces.

e
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2.0 TECHNICAL DISCUSSION

The work accomplished in this program is described in the following seven sub-
sections including: selection of environment test conditions, a description of
test facilities, test samples, test procedures, test dosimetry, analysis pro-
cedures, and a discussion of test results.

2.1 SELECTION OF ENVIRONMENT TEST CONDITIONS

During zn actual Mariner mission, surface materials will be exposed to an
interplanetary environment that includes ultrahigh-vdcuum, varying temperatures,
solar electromagnetic radiation, and complex spectra of proton and alpha

particle energies. Although desirable, complete combined environmental tests
were not vwithin the scope of the present study. After consideration of the

present environmental effects knowledge and the significance of each component

of the environment, the following conditions were selected:

2.1.1 Vacuum

Vacuum in the range of 10-6 to 10~7 torr was considered acceptable for these
tests in order to eliminate the influence of oxygen and simulate sample out-
gassing. It is not yet known whether damage is a significant function of vacuum
within this range. Gettering-type ion pumps have been found to provide an
extremely clean vacuum, however, because of their slow pump-down speed theyv
were undesirable in this program where many samples had to be tested. Oil-
diffusion pumps can provide a clean environment if proper use is made of baffles
and cold traps and can provide rapid pump down speeds. Therefore, silicone oil
diftusion pumps were selected for this program.

Samples were irradiated in vacuum but then exposed to air for reflectance
measurements, Typical time delays between irradiation and reflectance
measurenients were 20 to 40 hours. Future studies of degradation in situ would
be desirable since damage may be modified by exposure to oxygen. Also, some
annealing of damage may take place before measuwrements can he made. Limited
annealing studies performed in the program and the results arce given in Section

2,7.1,
2.1.2 Temperature

Temperature during and atter irradiation can have a significant effect on
accumuliated permanent diimage.  Because the introduction of defeets is atfected
by temperature at the time of damage, it is necessary to specify and control
that temperature.  Room temperature was selected as the condition for these
tests. The most important temperature problem, however, was to avoid radia-
tion induced sample heating during the test. Exposure rates in these tests were,
in general, Rept below those caleulated to he of concern for sample heating,
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In addition, samples were firmly clamped with vetainer rings onto a large heat
dissipating mount. Temperature was checked by the use of thermocouples after
irradiation at the highest fluxes used.

2.1.3 Solar Electromagnetic Radiation

Olumination of optical materials by visible light may produce bleaching of
color centers, however, irradiation-induced defects are not removed by this
illumination, and color centers reappear upon further irradiation. Because of
the fading phenomenon and the light sensitivity of solid-state particle detectors
used in Mev-energy experiments, excessive light was avoided and irradiation
exposures were performed either in the dark or semidarkness. Samples were
also shielded from strong light after irradiation until final measurement.

Ultraviolet radiation has already been shown to cause serious degradation to

many reflecting materials and its influence has been studied extensively. Ultra-

violet irradiation was not performed in this study due to the volume of existing
UV data from References 1 and 2 and the lack of charged particle data.

2.1.4 Charged Particles

Solar concentrator and thermal control surfaces on Mariner missions will be
subjected to both high energy protons and alpha particles streaming away from
the sun during solar events, as well as very low energy protons and alpha parti-
cles in the solar wind. Characteristics of these types of radiation are known
well enough now to allow a reasonable determination of the energy-dependent

particle flux encountered in interplanetary space. Computer programs developed

at Boeing aided in establishing the radiation criteria for the Mariner vulnerabil-
ity studies. The significant values of integral flux of protons and alpha particles
used in planning the experiments are shown in Figures 1 and 2. Valucs of
integral flux shown are for the integral portion of the spectrum above the

energy specified (> E).

During the program, the integral flux estimates were revised to incorporate
data from the latest space environment measurements. A detailed deseription
of the Earth-Mars radiation environment showing the latest integral fluxes is
given in Appendix A. In general, the energy /flux spectrum of space radiation
decreases rapidly with increasing energy.

Very-low-energy solar wind protons or alpha particles (1 to 10 Kev) interacting
with a material ean sputter off surface atoms. Their extremely short range
results in a sudden transfer of energy and momentum to the surfuacee layer of the
target material, Material layers a few angstroms thick can be croded away
leaving the surface pitted, thus inereasing diffuse reflectance. Protons or

alpha particles that stop in the surlice canalso form into hydrogen molecules
or helium atoms, respectively,  Gas pockets have been obscerved in this program
which produce blisters with a vesulting increase in diffuse veflectancec.
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These extremely range-limited particles can also cause heavy surface ionization
and displacements. Ionization can result in inereased solar absorption in the
coatings by providing electrons, which may be trapped at inherent or induced
color centers, making these centers cifective visible-light photon absorption
sites.

The relative importance of surface versus bulk ionization depends on the energy
of the charged particle. To investigate damage as a function of depth of pene-
tration, protons of 1 to 8 Kev and alpha particles of 2 to 16 Kev were selected
for the tests. Alpha particles of twice the proton energy have approximately the
same range. Proton fluences from 1x 1014 to 1 x 1016 p/cm2 were selected to
investigate effects over a wide exposure range helow and above the estimated
value of an Earth-Mars mission. Values of alpha particle fluence selected were
of an order of magnitude less than the proton values in order to represent their
relative intensity in the solar wind.

Higher energy protons and alpha particles (1-5 Mev), as well as particles of
lower energies, are very plentiful in solar particle events. Protons of 2.5 Mev
and alpha particles of 5 Mev were chosen for these tests. Tests at these energies
were selected to check the relative importance of ionization versus displacement
effects for comparison with the low energy tests. The study of high energy par-
ticle effects provides information on bulk ionization and displacements in thin
surface coatings. A proton range-eri‘grgy curve for aluminum is shown in Figure
3. Also shown in the figure are a ax ionization energy loss curve and a curve

showing the displacement cross section of protons in silicon.

Selected fluence values for the high energy particle exposures ranged from ap-
proximately 1 X 1013 01 x 1016 pzu’ticles/cmz. Higher fluence values than those
expected in space were selected to provide significant damage and to check the
validity of predicting damage observed at one energy with that obscrved at another
energy. The displacement cross section (D) is expected to decrcasc with increas-
ing particle cneryy (E) by the relation D ~E™-,

2.2 SPACE RADIATION SIMULATION FACILITIES
2.2.1 Solar Wind Simulator

Both 1-9 Kev protons and 2-16 Kev alpha particles were generated by the solar
wind simulator. A photograph of this low energy accelerator is shown in Figure 4.

Hydrogen and helium (commercial ultrapure laboratory grade gases) were used to
produce protons and alpha particles, respectively,  Gas from the pressure bottles
(100-1, 000 p, 3. 1) was fed through 2 pressure regulator valve and gauge into the
plasma chamber,  The selected gas was ionized in an Oak Ridge Technical Fatev-
prizes Company (ORTEC) ion souree by an 80-Me R oscillator, A photograph

of the ion source and its oscillator is shown in Figure 5. An ionized plasma of

-]



D2-363569-1

|
4]

(1]

1000 —

3 O
T(WI/AIN ) IV NI SSOT AHINT 2B € 3ANND

NODITIS NI NOLOHd / RUIN3WIDVISIG 2 3ANND
(8UsiOW) v NI 39NVH | 3ANND

0.1

PROTON ENERGY, €, (MEV)
FIGURE 3 PROTON RANGE, IONIZATION LOSS, & DISPLACEMENT PRODUCTION

ATINO IVid3LYW N3 LLINMIDAL ¥Od4 35N

8

l NO.
ISH

REV LTR

U3 420808-2000 REV. §/64



D2-36359-1

22

A1917

D

TEST SET i FIGURE 4




D2-36359-1

x
=4
<
-
=
3
@
(=
w
a

slie LOW ENERGY CHARGED GUN.

CHARGED - PARTICLE SOURCE FOR SOLAR WIND SIMULATOR
10 FIGURE 5




D2-36359-1

HY, 112 , and Hyp - H* (9% percent mass 1 and 2 with somc mass J particles) is
formed from the hydrogen gas; or a plasma of tet, He' " (singly and doubly
ionized) is formed from the helium gas. Also scen in Figure 5, is the high volt-
age probe with its cooling fin jacket. Electrons stripped off of the neutral gas
during the ionization process bombard and heat the probe during tests.

A schematic of the solar wind simulation facility is shown in Figure 6. Positive
ions are electrostatically accelerated to the desired Kev energy by applying appro-
priate potentials to accelerating electrodes and focusing lenses. The electro-
static lens system is numbered from 1 through 7 in Figure 6 and typical values

of high voltage (for 9-Kev protons) are shown. For the case shown, hydrogen
plasma ionized in the chamber would "see'" a potential difference of 4 Kv be-
tween the probe and the anode plate and another 5 Kv between the anode and the
extractor (lens 1). Resulting protons of 9 Kev were focused without further ac-
celeration by first passing through a retarding potential of 6 Kv between the anode
and focusing lens 2, and then an accelerating potential of 6 Kv between lenses 2

and 3.

Mass, energy, and charge separation of the ions were accomplished by the use

of a solenoid bending field and two limiting apertures of 3/4-inch diameter. The
radius of curvature used for particle selection was 8 inches. This corresponded
to a 25-degree bend angle in the beam tube. The solenoid field (about 300 gauss)
was varied by a power driven Variac and controlled by a 3-phase filter supply.
After bending, the particles passed through a second lens system. This system
provides a capability for de-acceleration, further acceleration, and focusing

of particles. The lens system was placed after the bending field so that the
facility would not be limited by energy restrictions of the hending radius. Lens

5 was occasionally used to shape the beam spot. This scheme resulted in a uni-
form (+ 5 percent variation) charged particle exposure of the samples. The beam
spot size on the sample was about 0.9-inch diameter. A Keithly Micro Micro
Ammeter was used to monitor sample and Faraday probe currents. (The Faraday
probe will be descrilwd in Section 2. 4. 1). Proton and alpha particle currents
from 0. 01 to 10 microamps were used in the tests. The maximum attainable
beam currents varied as a function of particle acceleration voltage, A muaximum
beam current of approximately 1 microamp was attainable with 1 Kev protons,
whereas, 10 microamps wis attainable with 9 Kev protons.

A vacuum of 2 x 1078 torr was maintained during testing by the use of two vacuum
stations. The first station was located near the ion source and consisted ol o 1-
inch oil diffusion pump with liquid nitrogen-cooled and watcer-cooled chevron
baffles. The sccond station was located near the sample holder and consisted of
a 6-inch oil diffusion pump with a liquid nitrogen-cooled chevron haffle,  All
O-ring soals were made of Viton-A and were concealed from radiation and

direet exposure to the inside of the chamber, A minimum of Apiczon "L" greiase
was used on the rings to minimize the prohability of contaminition on sample
surfaces,

i1
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2.2.2 Dynamitron Charged-Particle Scuattering Facility

Protons of 2.5 Mev and alpha particles of 5 Mev energy were obtained using the
Dynamitron accelerator. In the Dynamitron, charged particles are produced from
an ionized plasma of hydrogen or helium. These charged particles are extracted
into the accelerator beam tube section in a similar manner to that described in
Section 2.2.1. Maximum beam currents are obtained by adjusting the gas pres-
sure and the voltage of the extractor electrode. The desired accelerating voltage
is maintained by a stack of high voltage rectifiers. Stable currents can be ob-
tained for voltages between approximately 0.5 and 5.0 Megavolts (Mv). TFor
these tests, the accelerating potential chosen was 2.5 Mv. The resulting
particle energies were 2.5 Mev for the singly-ionized, mass-one protons and
5.0 Mev for the doubly-ionized alpha particles.

Figure 7 shows the 90 degree, mass-energy-product-16 analyzing magnet attached
to the Dynamitron vertical beam port. The scattering chamber is connected to
the magnet by a bellows and a four-inch diameter glass pipe. Control of current
in the analyzing magnet provides the means of selecting proton or alpha particle
energy as well as separating hydrogen ions into masses 1, 2, and 3 (H*, Ho™, Ha
- H+) or helium into singly or doubly charged ions (He™, He™™ ). The magnet cur-
rent was set to select protons (H*) of 2.5 Mev energy and alpha particles (He™™)
of 5.0 Mev energy for the proton and alpha particle tests, respectively. A sche-
matic of the Dyvnamitron scattering setup is shown in Figure 8. The resulting
analyzed particle beam is then collimated by a 5/8-inch limiting aperture at the
entrance to the scattering chamber. The collimated beam is then viewed by its
fluorescence on the quartz window in the fixed Faraday cup. By insertion ofa
gold scattering foil in the beam path, large uniform exposure areas were obtained
for both alpha particle and proton irradiation tests (see Section 2.5 and Appendix B).

High positive voltages (up to 2 Kv) were applied to the scattering foil to aid

in suppressing the forward scattering of secondary electrons generated in the
foil. In addition, a set of bending coils was placed in the back of the foil and

in front of a haffle (see Figure 9).  The magnetic ficld of the coils was used to
bend the secondary eleetrons out of the forward scattering direction and into the
grounded Iaffle plate.  The field produced by the bending coils was measured by a
gauss meter and caleulations ol the necessary coil currents were made. A high
voltage (up to 500 volts) waz applicd to the shicld of the movable Faraday probe
(Figure 9) when it was not used for field mapping. This positive voltage aided in
capturing sccondavy clectrons.,

A vacuum of l(\-ﬁ torr wis maintained by the use of two vacuum stations.  The
first station is connected to the beam pipe glass tee (Figure 8) and consisted ol a
4-inch silicone il ditfusion pump with a liquid nitrogen cooled chevron baffie. The
second station was mounted divectly under the seattering chamber. It consisted
of a 6-inch silicone oil ditfusion pump with a liquid nitrogen cooled haffle. Temp-
erature vn the samples was cheched by thermocouples alter a high flux run. In-
duced clectrice tichds prevented thermocouple measurements during @ run,

14
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FIGURE 7

EXPERIMENTAL SETUP FOR HIGH-ENERGY CHARGED PARTICLE TESTS
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D2-36359-1
2.3 TEST SAMPLES

The test samples for this contract included five bhasic types: (1) barrier-layer
anodic coated aluminum in both thin and thick sections (low and high emittance);
(2) vapor deposited aluminum on an aluminum substrate; (3) chemically brightened
aluminum; (4) zine oxide/LTV-602 paint; and (5) zinc oxide/potassium silicate
paint. The primary emphasis of the contract was to evaluate the stability of the
low-emittance barrier-layer anodic coated aluminum under charged particle
irradiation typical of an Earth-Mars flight environment. Therefore, the bulk of
the test samples was the thin anodic coatings. A relatively small number of the
other test samples was evaluated, A list of the types of test samples versus
their assigned reference numbers is given in Table 1.

TABLE 1: TABLE OF SAMPLE REFERENCE NUMBERS

Type of Coating Reference Numbers

Low-emittance anodic coatings 1 to 133
High-emittance anodic coatings 161A & Bto167A & B
Vapor deposited aluminum coatings 174 to 186

Chemically brightened aluminum coatings 187 to 199

Zinc oxide/LTV-602 coatings 211 to 224

Zinc oxide/potassium silicate coatings 225 to 239

A detailed physical description of the various types of samples follows:

2.3.1 Low-Emittance Anodic Coated Samples

The low-emittance anodic coated samples were prepared using the same process
that was used to prepare the aluminum for solar cell concentrator panels in

a previous JPL contract (Reference 1). Thus, any charged particle radiation
damage measured on these samples should be representative of what may occur
in an actual concentrator panel operating in interplanetary space.

The aluminum sheets were procured from Alcoa as 1199, H-18, 10-mil foil. The
general process uscd to prepare and anodize the aluminum sheets is as follows:

1) The sheets (2 ft x 3 {ft) were mechanically polished with a 20-inch diameter
(cvlindrical) Tanton flannel buffer. The buffing compound used was Learock
d02C (Vdylite). Kerosence was used on the sheets during and after buffing.
After buffing, the sheets were cleaned with naptha and cheese cloth, and
dipped in a degreasing solution (Turco 4142).

2) The sheets were cleaned using a dilute sodium hydroxide solution. This
bath was followed by a rinse in a nitric acid solution, The sheets were
then chemically brightened in an Alcoa R-5 brightening bath. After
brightening they were rinsed with water and a nitric acid solution.

17
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3) The sheets were then clectropolished in a fluoboric acid solution followed
by a water rinse.

4) Finally, the sheets were anodized in an ammonium tartrate solution at a
voltage of 300 volts. The anodization process was followed by rinses in a
phosphoric acid solution and waier. :

One hundred thirty-three test samples of 1-1/2 inches diameter were punched

from two sheets. Sample numbers 1 through 63 were taken from one sheet and the
remainder from a second sheet. This size was selected for all samples because

it was required for the specimen holder on the IR-4 reflectometer. The samples
were numbered consecutively as thev were taken from the sheets, and arrows were
scratched on their back indicating the direction of roll marks.

Reflectance measurements on one of every four samples showed that the reflect-
ance at various positions on a given sheet varied only by *1 percent at given
wavelengths in the 0.4 to 2.6 micron region. Variations of about +2 percent were
obtained in the ultraviolet wavelength region (0.25 to 0.4 microns). The reflect-
ances of specimens taken from the two different sheets agreed within the above
tolerances in their respective wavelength regions. The variation in coating
thickness on these samples was estimated to be less than +30 Angstroms (0.003
microns) based on the shift in wavelength of reflectance minima and maxima.

The thickness of the low-emittance anodic coatings is estimated to be about

0.39 microns, assuming a thickness of 13 Angstroms/volt of anodization

voltage (Reference 5). As an independent check on thickness, a photomicrograph
was made of a cross scction of a typical low-emittance sample (Figure 10). This
measurement showed a thickness ot 0.35 to 0.7 microns which is in fair agreement
with the above estimates. An exact thickness cannot be determined from the
photomicrograph because of the thickness of the dark strip caused by buildup of

the germanium during the vapor deposition shadowing process.

2.3.2 High-Emittance Anodic Coated Samples

Twelve, high-emittance (€ - 0,25 w0 0.28) barrier-layer anodic coated samples
were prepared for inclusion in the test program. These thicker anodic coatings
were chosen because ol theiv applicability to solar cell panels and spacecraft

for certain space missions, and because optical property changes such as color
center formation in their anodice filim ghouid be more readily measured.

The high-emittance barrvier-layer coatings were prepared using the process
described in Section 2.3, 1 with the tollowing exeeptions:

1)  No mechanical polishing was done.

2) The size of the sheets was 2\ 5 inches.

3)  The ammonium tavtrate anodiving solution was modified to allow voltages
as high as 1230 volts to be used.
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The thickness of these anodic films, as c¢stimated from a specific anodization
thickness of 13 Angstroms /volt, is 1.6 microns. A thickness measurcment with a
photo-micrograph (Figurc 11) showedthe high-emittance anodic filmtobe1.6t0 1.7
microns thick. It was noted that the variation in mean reflectance in the ultra-
violet wavelength region between high-emittance anodic coated control samples
varied by as much as 15 percent (at 0.3 microns). No significant variation in
mean reflectance was observed at wavelengths longer than 0.4 microns. 1t is
assumed that the variations in ultraviolet reflectance are caused by differences
in the coefficient of absorption in the aluminum oxide film.

2.3.3 Vapor Deposited Aluminum Samples

Thirteen, vapor-deposited aluminum samples were prepared for the test program.
Vapor deposited aluminum was selected as a test coating because of its importance
as a solar concentrator and spacecraft coating, and its uniqueness among the
coatings to be evaluated. The aluminum coating was applied to the same chemical -
ly-brightened aluminum substrate used for the anodic samples. To assure uni-
formity of the samples, they were all coated at the same time. Since film thick-
ness could not be measured during the coating process, deposition was continued
until complete visual opaqueness was obtained on a transparent plastic film. A
glass microscope slide was coated along with the aluminum samples. An attempt
to section the glass slide and measure the film thickness by electron microscopy
failed. Later in the program, one of the aluminum samples was sectioned and the
film thickness was measured to be 1.0 micron by similar techniques.

2.3.4 Chemically-Brightened Aluminum Samples

Thirteen, chemically-brightened aluminum samples were prepared for the test
program as described in Steps 1 and 2 in Section 2.3.1. These samples were
selected because they are typical of the anodic coating substrate. Thus, any
optical changes observed in the anodic coated samples could either be attributed
to substrate or anodic coating changes. Also. it was desired to determine the
differences in effects between aluminum and vapor deposited aluminum surfaces.

2.3.5 Pigmented Spaceeraft Coating Samples

Two types of white, pigmented spacecralt coatings were included in the program.
These were zine oxide in a potassium silicate binder (Z-93) and zine oxide in

an LTV-602 silicone binder (8-13). Both coatings were sprayed onto an aluminum
substrate which was about 0,050 inches thick.  These coatings were prepared by
the Ilinois Institute ol Technology in accordance with procodures discussed in
detail in Reference 6. .\ total of Lourteen of cach type of coating was utilized in
the program.

20
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2.4 TEST PROCEDURES
2.4.1 Low Energy Particle Tests

A descriptive sketch and a photograph of the test setup for the low energy proton
and alpha particle tests are shown in Figures 4 and 6. Since similar procedures
were used for both proton and alpha particle tests, the following discussion is
applicable to both. ‘

To begin operation of the solar wind simulator, cold traps were filled with liquid
nitrogen and the diffusion pumps were turned on. During periods of inoperation,
the beam tube was isolated from the vacuum systems by closed gate valves.

When the diffusion pumps became operative, the gate valves were opened and the
beam tube was pumped down to a pressure of about 5 x 107 torr. The ion source
power supply and the gas flow to the ionizing chamber were then turned on and
allowed to stabilize for a period of 1 to 2 hours. Typical beam tube pressures
with the ion source operating were in the range of 1 x 10™° to 3 x 10 ° torr.

The desired particle energy was selected by establishing a given current in

the bending magnet based on the energy versus current data shown in Figure 12
(solid line) and discussed in detail in Section 2.3.1. While maintaining the magnet
current fixed, the beam was directed to the target area by varying the probe,
anode, and extractor voltages. The beam was centered and focused by viewing
the fluorescence of a quartz window placed at the end of the beam tube. Typical
beam sizes at the specimen position varied from 0.7 to 0.9 inches in diameter.
The size and intensity distribution of the beam was varied with focusing electrode
Nos. 2 and 5 (Figure 6). The most satisfactory arrangement for most tests was
to ground electrode No. 5 and do all focusing with No. 2. The size of the beam
was scaled directly from the quartz window fluorescent image.

The quartz window was then removed and the specimen holding plate was installed.
To accomplish this, the two gate valves were closed and dry nitrogen was bled
into the test-end of the beam tube. Subscequent pump-down was done with a
mechanical roughing pump and the 6-inch diffusion pump system,

Early in the test program, a movable Faraday cup with a 0.25-inch diameter
aperture (Figure 13) was used to scan the beam at the beginning of cach run. The
purpose of these measurements was to obtain data on the current intensity dis-
tribution of the beam.  Also, the Faraday cup readings were used to calceulate

the total beam current as described in Section 2.5, 1, When Faraday cup readings
were taken, sample curreat was measured immediately therealter and the test
run was begun,  Faraday cup scans were not made in the latter portion of the
program,

te
te
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Throughout the tests, which varicd from several minutes to 7 hours, depending
on the fluence desired, current recadings on the sample were measured with a
Kiethley Model 410 Micro-Micro Ammeter. Considerable difficulty was en-
countered in measuring currents helow about 0. 5-microamperes due to RF pick-
up from the 80-megacycle oscillator on the ion source. Care had to be taken by
zeroing the microammeter hefore each reading. A zero reading was established
by momentarily closing the beam-tube gate valve and thereby shutting off the
beam. An effective RF shield is being built for the ion source and its power
supply for future work with the solar wind simulator.

Test samples were mounted on the sample holder such that their reference arrows
pointed vertically. Since many of the samples did not exhibit visible damage,
alignment of the sample with the beam was important so that the reflectometer
light beam could later be referenced to the irradiated area. This alignment was
accomplished by noting the position of the beam on the quartz window and then
subsequently locating the center of the specimen at the same position. The
maximum displacement of the center of the beam from the center of the beam

tube was about 3/16-inches. The position of the beam usually changed when the
particle energy was changed.

At the end of a test the two gate valves adjacent to the specimen were closed, and
that portion of the system was back-filled with dry nitrogen. The sample was
then removed from the solar wind simulator and its reflectance was measured

as described in Section 2.6.

2.4.2 High Energy Particle Tests

The sample mounting configurations for the 2.5 Mev proton test and the 5.0 Mev
alpha particle test are shown in Figures 14a and 14b, respectively. The sample
numbers of the specific samples arc shown and correspond to types given in

Table 1 of Section 2.3. The un-numberad sample holders did not contain test
samples. The circle at the center of the array is the aperture of the fixed
Faraday cup from which the direet particle beam was monitored (see Section
2.5.2). The samples were mounted in an arrvay consisting of three circular rings
about the beam axis. Charged particles were only scattered to the sample array
when the gold scattering foil is inserted into the beam. All samples in a given
ring were in angular symmetry with the beam axis and thus were all exposed to the
same particle flux. The three rings at scattering angles 4.5, 10,5, and 14.5
degrees each received a different particle flux. Thus the samples in different
rings received three different values of fluence covering a range of approximately
two orders of magitude.

To begin the irradiation test in the Dynamitron seatteving chamber, the system
was eviacuated to approximately X 1070 tore. This vacuum was maintained
throughout the test until the samples were removaed tor rellectimee measurements
in air. When the roquived vacuum was attained, the beam was turned on, aligned
with the center of the fined Favaday cup, and appropriate dosimetry measurements
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were performed as deseribed in Scection 2.5.2. These preliminary measurements
were made without the scattering foil being in the beam so that no sample exposure
occurred. When a stable beam was attained, an appropriate magnet current (2-5
amps) was applied to the secondary clectron bending coils and high voltage was
applied to the gold foil to suppress sccondary clectrons. Then the scattering

foil was inserted into the beam and integration of the portion of current collected
in the fixed Faraday cup commenced. Other appropriate dosimetry data was

taken from time to time during the test (Section 2.5.2y.

The total accelerator operating times for the proton and alpha particle tests were
approximately 24 hours cach. The runs were continued until sufficient fluences
in terms of sample damage thresholds (determined in preliminary pre-contract
tests) and the Earth-Mars environment were obtained. Limitations in H™ and

He** beam currents prohibited testing to the maximum fluences planned at the
beginning of the program.

At the termination of the tests, the chamber was back-tilled with dry nitrogen and
samples were removed. The samples were transported to the reflectance
measuring apparatus (Section 2.6) in a light-protective container. Selected samples
were stored in the dark until a later set of mecasurements, used to assess possihle
sample annealing, were conducted.

2.5 TEST DOSIMETRY
2.5.1 Low Energy Test Dosimetry

Dosimetry in low energy particle tests included beam spot size and shape
measurements, sample current monitoring, exposure rate variations, and
particle energy determination.

Beam spot size and shape were visually obscrved by the fluorescence on a gquartz
window which was put in place of the samplc holder. The beam was centered by
adjustment of the current in the bending coils; and the spot size was shaped by
variation of the voltage on the focusing lenses 2 and 5 (Figure 6). Variations

in spot size from circular to elliptical (£10 pereent deviation from circular) werc
possible. The actual spot size, when properly adjuste d. was measurced dircctly
off the quartz window. The arca of the spot was used to determine the flux
(Protons /sq.cm. -sce), to verify that current monitored oft of the sample was
truly represeatative of exposure intensity, and to be sure that the sample was
evenly irradiated.

Beam current for flucnce determination was monitorad continuously with a
Kiothley 110 Micro-Micro Ammeter by divect current pickup off of the samples.
A movable Faraday cup probe (Figawre 13) of 0,292 sq.em. aperture was uscd to
cheek the validity of the direet sample current integration moethod as well as

the beam unitormity. The Farvaday probe was rotated across the simple position.
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Measurements were made at various probe rotation angles as shown in Figure 15a.
These angles were correlated with radial distance from the center of the beam
spot. A typical 2-Kev proton beam profile as measured by this technique is

shown in Figurec 15b. The Faraday probe rcadings, in general, indicated a

beam uniformity of +35 percent across a 3/4-inch diameter circle (the maximum
width of the reflectometer light beam). The current per sq. cm. (I;) as a

function of radial position was integrated over the beam spot radial position as

follows, to obtain the total current:
r

L. =2 f Irdr

(o]

The total current calculated was compared with that actually collected on the
samples., From this method, correction values were obtained for the back-
scattering of electrons off of the aluminum samples.

Exposure rates, in general, were kept at a low level to avoid radiation heating.
Samples were irradiated to the same fluences (particles/sq.cm.) but at different
fluxes. For the majority of the Kev-energy tests, charged particle exposure
rates varied from 1 x 1011 to 5 x 10 particles/sq.cm.-sec. Four tests were
run at about 1 x 1013 protons/sq.cm. -sec. in which heating could have occurred
(sample Nos. 39, 42, 161B and 162B).

The particle energy separation system was calibrated by measurement of bucking
potentials. The bucking-voltage mcthod consisted of applyving a high positive
potentinl to the sample holder to suppress the collection of positively charged
particles. A typical curve represcnting collected beam current versus the
voltage applied to the sample holder is shown in Figure 16. Curves such as this
provided data on saturation voltages as a function of magnet current and resulted
in the dashed curve of Figure 12.

A cross check for cnergy calibration consisted of measurements of the magnet
currcent nceded to bend particles for selected voltages on the ion probe and
extractor cleetrodes. A family of extractor voltage curves was obtained as
shown in Figurce 17. For cach extractor voltage 2 series of probe current values
(using a 10-mcegohum resistor) were sclected. The current through the bending
solenoid was adjusted for cach of the scries of =elected probe currents (down to
0.1 milliamp) so that the beam spot was alwavs centered on the quartz viewing
window. From the extrapolation of the data of Figure 17 to sero probe current,
particle energy as a function of magnet current was obtained.  The results of

this method are also shown in Figure 12 for both the RE don source and a
Radiation Dyvnamices, Inc., (RDD) ion source. The results of this method are in
quite good agreement with the hucking potential moethod,  Caleulation of particle
energy versus bending current was also made fronvmeasurcments of the magnetic
ficld by a gauss meter. The data from calenlations are also shown in Figure 12,
The agreement with the more proecise methods discussad is quite good considering
the nonumitormity ol the bending Licld,  The solid curve was actually used for
determination of particle energy in the tests,

.
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2.6 ANALYSIS PROCEDURES
2.6.1 Reflectance Measurcments

Three different instruments were used for reflectance measurements: (1) A
Beckman DK-2A spectrophotometer utilizing an integrating sphere attachment

for measurements in the 0.25 to 2.5 micron wavelength region; (2) a Perkin-
Elmer Model 99 spectrophotometer utilizing a Gier-Dunkle integrating sphere
attachment for measurements in the 0.3 to 2.0 micron region; and (3) a Beckman
IR-4 spectrophotometer utilizing a heated hohlraum attachment for measurements
in the 1 to 15 micron region. The majority of the measurements performed in
the contract were made with the Beckman DK-2A reflectometer.

2.6.1.1 Specimen Orientation — It was recognized early in the program that

oriented surface roughness such as roll marks on specularly reflecting samples,
could cause erroneous reflectance readings in the DK-2A reflectometer.
Therefore, an orientation arrow was scribed on the back side of each specimen.
The direction of this arrow was made parallel to the direction of the roll marks.
The orientation arrow was used both to locate the samples during irradiation and
to orient them in the integrating sphere. During reflectance measurements, the
samples were oriented such that the arrow pointed upward toward the detector.
It was found that variations in reflectance of about +2 percent could be obtained
by rotating the sample in the port of the integrating sphere. This measurement
justified the need for orienting all of the specularly reflecting samples in the
same direction.

2.6.1.2 Pre-Irradiation Mcasurements — At the beginning of the program, the
total-hemispherical, spectral reflectance of approximately one-fourth of all the
different types of samples was measured with the DK-2A reflectometer. These
data provided an indication of the variation in reflectance between similar
samples, and was used for calculation of solar absorptances of the unirradiated
samples. These measurements were made using a smoked, magnesium oxide
coating as a reference surface. The reflectance of a National Durcau of
Standards Vitrolite tile was recorded on each chart along with the data from the
test samples, The Vitrolite tile data was required for calculation of solar
absorptance. It should be pointed out that total hemispherieal reflectance
measurcments in the DRK-2A are made at an angle of 5 degrees from normat,
and diftuse reflectances are measured normatly,  Specular reflectance can be
aleulated by subtracting the diffuse reflectance from the total hemispherical

reflectance,

A study was made to determine whether day-to-day variations in spectral reflee-
tance on a given sample would be greater than the variition from one sample to
another.  The answer to this question was ol intervest because it determined
whether the reflectance of a sample should be measured betore and atter
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irradiation (on different days) or could b¢ measured relative to a similar
control sample as will be discussed later, The spectral reflectance of sample
No. 10 was measured on five different days using the same magnesium oxide
reference. It was found that the measurced spectral reflectance in the 0.4 to
2.6 micron wavelength region varied by about £1 percent. The reflectance
variation in the wavelength region from 0.23 to 0.4 microns was about 0.5
percent. Comparing these variations to the reflectance deviations measured
from one sample to another (given in Section 2.3.1), it can be seen that the
variation in the long wavelength region is comparable. However, the variation
in the short wavelength region is less when the same sample is measured from
day to day. It was concluded from this study that the change in reflectance
data would be more accurate if the reflectance of each sample was measured
before and after irrvadiation. (This conclusion was not ultimately followed

due to other considerations as will be discussed in Section 2.6.1.3.)

Pre-irradiation reflectance measurements were also performed with the Gier-
Dunkle reflectometer on selected samples of low-emittance anodic coatings,
high-emittance anodic coatings, and vapor deposited aluminum coatings. The
total hemispherical spectral reflectances were measured at angles of 12, 22,
and 62 degrees from normal. The primary purpose of these measurements was
to obtain absolute reflectance data on specularly reflecting samples as a function
of angle of incidence, particularly at 60 degrees from normal (the operating
condition of the V-ridge solar cell concentrating panel). These data are

later compared to post-irradiation reflectance values for irradiated samples.

A secondary purpose for making the Gier-Dunkle reflectance measurcments on
the barrier layer coatings was to obtain more accurate values of thcir solar
reflectance for solar cell panel design calculations.

Infrared reflectance measurements were made on selected test samples from each
type of coating (except vapor deposited aluminum) with the IR-4 rcflectometer.
These measurements represent normal reflectance from a diffuscly illuminated
sample. A heated Hohlraum supplies the diffuse illumination to the sample.

The purposces of the infrared reflectance measurements were to delermine
possible radiation effects on emittance and changes in molecular honds,

2.6.1.3 Post-Irradiation Measurements — The majority of the post-irradiation
reflectance measurcments were made with the DR-2A reflectometer. Two
different techniques were used for the DK=2A measuwrements.  In the first
technique, used on the low emittance anodie contings, the vapor deposited
aluminum coatings, and the chemically brightened aluminum coatings, the
spectral reflectance of a given sample was measured relative to the reflectanee
of a control sample of the same naterial, Thus, the recorded reflectance data
was a direet measurement ol the pereentage ditference in reflectance between
the irradinted and unirradiated samples,  This method of recording the data
was scleceted beciuse the change it reflectance as a function of wavelength
could be recorded directly on the DR-2A reflectometer charts, This simplilied
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data reduction procedures, and allowed direct tracing of the DK-2A charts for
use in the final report. It should be pointed out that this relative reflectance
measurement technique could only be used under the following conditions:

(1) batches of samples that had similar (within £2 percent) spectral reflectance
values; and (2) control samples having absolute spectral reflectances of about
40 percent or greater, The latter condition was established because the amount
of reference energy available for the detector was too small at low reflectances,

A typical example of a change-in~-reflectance ( A R) plot is shown in Figure C¢
in Appendix C. The solid curve represents the variation in reflectance between
two control samples, in this case, No.'s 104 and 99 as shown in the title

block. The nomenclature, ""Control Sample No. 104 vs No, 99,' means that
sample No. 104 was placed in the measurement port of the integrating sphere,
and No, 99 was placed in the reference port. Control sample curves are shown
on a large number of the charts to indicate the statistical variation between
unirradiated samples. Control samples numbers were chosen as close to the
irradiated sample numbers as possible to get maximum similarity between the
two. Reflectance changes noted for an irradiated sample must then be larger
than the statistical deviation between control samples to be significant. The
dashed curve represents the percent difference in reflectance between the
irradiated sample No. 109 and control No. 99. To generate the dashed curve,
sample No. 109 was placed in the measurement port of the integrating sphere
and No. 99 was placed in the reference port,

In the second technique for measuring reflectance with the DK-2A reflectometer,
used on the S-13, 7Z-93 and high-emittance barrier layer coatings, the spectral
reflectance of each irradiated sample was measured relative to a magnesium
oxide reference by conventional techniques. Included on the same DK-2A chart
were plots of the spectral reflectance of an NBS-calibrated Vitrolite tile

and a control sample. The Vitrolite tile data was used to calculate the absolute
reflectance of the samples. The reflectances of both the irradiated and control
samples were placed on the same chart so that the change in reflectance could
be scaled dircctly from the curves without correcting each curve to absolute
reflectance. A typical example of a reflectance data sheet for this technique

is shown in Figurc C37 in Appendix C. Note that the ordinate scale represents
relative rceflectance in percent.  As discussed above, this reflectance is
relative to the magnesium oxide reference specimen and thus can exceed 100
percent on the scale,  To expedite data reduction and to present the best
reproduction of the change in spectral reflectance, the curves shown in Pigure
C37 werce traced direetly from the DR-2A chart,

The post irradiation measurements performed with the Gier-Dunkle and TR~

reflectometers were accomplished similarly to those discussed in the previous
scection on Pre-Trradiation Measurements,
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2.6.2 Calculation of Solar Absorptance and Emittance

2.6.2.1 Solar Absorptance — The solar absorptances of sclected control samples
of each type of coating were calculated from the DK-2A and Gier-Dunkle spectral
reflectance data. The analysis of DK-2A reflectance data is discussed first.
Solar absorptances of white paint coatings were calculated from DK-2A reflec-
tance data. Since DK-2A reflectance data were measured relative to a magnesium
oxide reference, corrections had to be made for the absolute reflectance of mag-
nesium oxide. The first step in the calculation of solar absorptance was to
correct the measured spectral reflectance data for the actual reflectance of the
magnesium oxide reference being used. The following equation was used for
correcting the measured reflectance (Rpy,) to absolute reflectance (R):

.. (Rm}R2XR3)
(Ry)

1)

where Rm = measured spectral reflectance of sample

R; = measured spectral reflectance of NBS
Vitrolite tile standard No. V6-B203

Ry = published spectral reflectance of the NBS Vitrolite tile,
relative to the reflectance of a freshly deposxted magnesium
oxide reference

Rg = published spectral reflectance of a freshly deposited
magnesium oxide surface.

The Vitrolite tile data is included in the equation to account for the difference in
reflectance between the actual magnesium oxide surface used and a freshly
deposited surface.

Absolute spectral reflectances were calculated from Equation 1, for thivty
different wavcelengths in the solar wavelength region. The wavelength intervals
chosen represented equal energy increments for the solar spectrum in space
(Johnson spectrum, Reference 7). The spectral reflectances caleulated for the
equal energy incrementx were then summed and divided by thirty to obtain an
integrated solar reflectance (Rg).  The solar absorptance ((a g) was obtained
from the solar reflectance by the following relation:

usl‘lls

The hulk of the analyses with DR-2A reflectance data involved caleulation ot
the change in solar absorptance., A simpler technigque was usced tor the change-
in-solar-absorptance (\n orAR ) caleulations. The ditference in spectral
reflectance (A R) betw con 1 control s miple and an irvadiated sample was
plotted ona graph such as the one shown in Figure 25, This technique, discussedin
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Reference 8, utilizes a plot of the Johnson solar spectrum on a distorted-wave-
. length /equal-energy-increment abscissa scale. The ordinate is divided into
100 divisions for plotting the reflectance (or change in reflectance) values as a
function of wavelength. The change in solar absorptance or solar reflectance is
determined by integrating the shaded area and dividing it by the total area of
the graph. A planimeter was used for integration of the areas.

Solar absorptances were calculated from Gier-Dunkle reflectance data by
plotting the absolute reflectance data on a graphical plot such as the one shown
in Figure 25. The ratio of the integrated area above the reflectance curve to
the total area of the graph represents the solar absorptance. Similarly, the
ratio of the integrated area below the reflectance curve to the total area is
solar reflectance.

2.6.2.2 Emittance — The emittances of samples were calculated from the IR-4
infrared reflectance data by a graphical integration technique similar to the one
used for calculating solar absorptance from the Gier-Dunkle data. A graph of a
22°C black~-body emission spectrum was prepared. A typical example of this
graph and a sample emittance calculation for sample No. 162B are shown in
Figure 26. The infrared reflectance data was plotted in the wavelength region of
1 to 15 microns. The ratio of the crosshatched area above the reflectance curve
to the total area of the graph at wavelengths less than 15 microns represents

the emittance of the sample. It should be pointed out that since the infrared
reflectance was only measured out to 15 microns, and hecause about 45 percent
of the energy in a 22°C black-body spectrum is at wavelengths longer than 15
microns, the emittances calculated only represent the emittance in the 1 to 15
micron region. Therefore, these calculated emittances do not represent the
total thermal emittance of the surfaces. They do, however, provide a satisfac-
tory method of showing radiation effccts on emittance.

2.6.3 Calculation of Effect of Reflectance Changes on Solar Cell Panel Output

A calculation was made to estimate the percentage change in short-circuit
current output of a concentrating solar cell panel due to radiation-effects
changes in rcflectance of the reflective surfinces. These calculations were
performed assuming low-cmittance barrier layer anodic coatings on the
reflective surfaces, Reflectance data for various angles of light incidence on
the reflectors, measured with both the DR-2A and Gicr-Dunkle reflectometers,
was used in the analysis.  The type ol solar cells assumed for the caleulations
was Hoffman n-on-p, 12 pereent efficieney cells.  This type of cell was chosen
as a typical production solar cell being used on solar cell panels.  The spectral
response of special test cell No. 132 was used in the caleulations.  The spectral
response, measured in the Bocing Solay Power Laboratory, is shown in Figure
27. A schematic drawing ol a concentrating solar cell panel is shown in Figure
28,

16
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The percentage change in short circuit current output ( A 1) of a concentrating
panel was calculated by the following equation:

_ {Change in current output) X 100
(Initial current output) ’

Al

_ {Current change due to reflectance loss)

Current due to . [Current due to direct X 100
reflected light ] incidence sunlight

1.1

Af[ (H  )(AR, )T, )d A
_ J4

Al = x 100 (2)

1.1 1.1
Alf (Hy WR T ) dy +Acf (H, N, d,
* 4 - 4

where Ay, = fraction of energy striking reflector surfaces (0.6)

A, = fraction of energy striking solar cell surfaces (0.4)

1 = wavelength, microns

H, = spectral intensity of Johnson solar spectrum

R, =spectral reflectance of reflector surfaces

I , =spectral short circuit current response of solar cells
The limits of Equation 2 are established by the spectral response range of the
silicon solar cell (0.4 to 1.1 microns). Graphical plots of the three integral
functions versus wavelength were prepared and integrated with a planimeter.

An example calculation using Fquation 2 for reflectance data on sample No. 42
is given below,

(0.60)(413)
= X YO
(0.60)(2993) - (v, H(EIV2) ot

Al

(Integral values shown are simply area
units from planimeter readings,)

z X 10t

Al 7. pereent

Ho
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2.7 TEST RESULTS

A summary of all tests conducted in the contract is given in Table 2. Particle
type, particle energy, sample type, and the numbers of samples tested are
shown in the table. A more detailed list of sample numbers, specific test
conditions, and thermal property measurements is given in Appendix D. As
shown in Table 2, low energy proton tests ranged in energy from 1.0 to 9.3 Kev
and low energy alpha particle tests ranged from 2.2 to 16 Kev. The large
variety of low energy proton energies used is primarily due to lack of calibra-
tion of particle energy early in the program. Subsequent corrections to
particle energies were made when calibration data was obtained. The high
energy particle tests consisted of 2,5 Mev protons and 5.0 Mev alpha particles.
The original objective of the contract was essentially accomplished because

it was originally planned to run proton energies of 1 to 8 Kev and 2.5 Mev,
and alpha particle energies of 2 to 16 Kev and 5.0 Mev. The only significant
deviations from the test plan were: (1) the fluences in the Mev experiments
were not as large as planned; and (2) in low energy proton and alpha particle
tests, low-emittance anodic coatings were exposed to fluences approximately
one order of magnitude higher than originally planned. The reduction in Mev-
particle fluences was due to beam current limitations in the Dynamitron. The
change in Kev-particle fluences, as mutually agreed upon by JPL and Boeing,
consisted of adding scveral test runs at 1 x 1017 protons/sq.cm. and at

1 x 1016 alphas/sq.cm., and eliminating all planned runs at 1 x 1014 protons/
sq.cm, and 1 x 1013 alphas ‘sq.cm. This decision was made in an effort to
get data on the barrier-layer anodic coatings that would show measurablc
degradation. '

2.7.1 Reflectance Data and Thermal Property Analyses

As discussed in Scetion 2.6, retlectance measurements were made on control
samples and irradiated samples with a Beckman DK-2A reflectometer, a Gier-
Dunkle reflectometer, and a Beckman IR-4 reflectometer. A table showing the
types of reflectance data measured and presented in this report for cach type of
sample is shown in Table 3. DBecause of the large number of reflectance data
sheets, the bulk of them are included in Appendix C and merely referenced in
the text. Selected data sheets from each type of saumple are presented in the
following text as required. For cach type of sample and reflectance measure-
ment, the data in Appendices C and D are arranged in order of inercasing
particle encrgy and fluence fov protens and alpha particles, respectively.

2.7.1.1 low-Emittance Anodie Coated Aluminum — A typical plot ol absolute
spectral reflectance ol a low cmittance anodice coating (No. 21) is shown in
Figurc 29. Also shown in the figure are absolute spectral reflectances for
specimens (No, 's 20 and 51 which have been exposed to 1 x 1016 and 9,25 x

1016 protons/sq. em.  The chavged particle ivradiation typically resulted inan
aceentuation of the existing intevference phenomena by decrcasing the reflectimed
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Table 2: SUMMARY OF SAMPLES TESTED

NUMBER OF SPECIMENS

Low- High- Zinc Oxide/{Zinc Oxide/
Emittance | Emittance | Chemically Vapor Potassium |LTV-602
Particle Particle Anodic Anodic Brightened | Deposited | Silicate
Type Energy | Coatings Coatings Aluminum | Aluminum | (Z-93) (S-13)
Proton 1.0 Kev 3 - -- - - -
Proton 3.4 Kev 7 -- - -- - --
Proton 4.7 Kev 6 - - - - -
Proton 5.0 Kev 2 - - - - -
Proton 5.3 Kev 1 -- - - -— -
Proton 6.0 Kev 6 -- - - - -
Proton 7.4 Kev 1 - -2 1 - -
Proton 7.7 Kev 5 - - - 1 -
Proton 8.0 Kev -—- - - 1 - _—
Proton 8.2 Kev - - 2 - 1 2
Proton 8.7 Kev ~- 1 -- -- - -
Proton 9.0 Kev 1 -- - - - -
Proton 9.3 Kev 2 1 -- - - --
Proton 2.5 Mev 9 2 2 - 2 3
Alpha 2.2 Kev 4 -- -- - - ==
Alpha 4.2 Kev 3 - - - -— -
Alpha 4.5 Kev 3 -= -- -- - --
Alpha 5.5 Kev -- -- 1 - 1 -—
Alpha 8.0 Kev 9 1 1 2 1 2
Alpha 16. 0 Kev 8 - -- - - -
0.0 Mev 9 1 2 2 2 2

Alpha

tv
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Table 3: - REFLECTANCE MEASUREMENT SUMMARY

Low-Emittance
Anodic Coatings

High-Emittance
Anodic Coatings

Chemically Brightened
Aluminum

Vapor Deposited
Aluminum

Zinc Oxide/
Potassium Silicate

Zinc Oxide/
LTV-602

) 0.3t 2.0
0.25 to 2.5 Microns Microns 1-15 Microns
Gier-Dunkle IR-4
Reflectom- Reflectom-
DK-2A REFLECTOMETER eter eter
Reflectance | Reflectance Absolute Absolute
Relative to | Relative to Reflectance Reflectance
Magnesium Control
Oxide Specimen
O** X X X
X,0 X
0 X X
0 X
X, 0 X
X, 0 X

*X - denotes measurements made, from which graphs were preparced for

final report

**0 - denotes measurements made, from which no graphs were prepared for
final report., These were "quality control" type measurements made
early in the program.

-

. m\
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at minima, shifting the maxima and minima to longer wavclengths, and reducing
the reflectance of maxima at high fluences. The corresponding solar absorp-
tances for the threc curves shown in Figure 29 are 0.12, 0.12, and 0.23,
indicating no change at 1 x 1018 protons/sq.cm. and a change of A a g = 0.11 at
9.25 x 1016 protons /sq.cm. This corresponds to a percentage increase in
absorptance of about 92 percent assuming an initial absorptance of 0.12 (Table 4).

The effect of angle of incidence of the reflectometer light beam on the reflectance
of low emittance anodic coatings is shown typically in Figure 30. The three
curves represent the reflectance of control sample No. 21 for angles of incidence
of 12, 22, and 62 degrees from normal. As the sample is rotated from 0 to 62
degrees the wavelengths of maxima and minima shift to shorter values as expected
from interference theory. Similar shifting of the interference maxima and min-
ima occurs for irradiated samples as shown in Figures C1, C2, and C3 in
Appendix C. The solar absorptances at 12, 22, and 62 degrees for sample No.
21 are 0.120, 0.119, and 0.108, respectively, as shown in Table 4. Absorp-
tances at comparable angles for sample No. 51, irradiated with a fluence of

9.25 x 1016 of 3.4 Kev energy protons, are 0.232, 0.303, and 0.301. It is
interesting to note that the absorptance of an unirradiated sample decreases

as the angle of incidence from normal is increased, whereas, the absorptance

of No. 51 increases for the same angular change. It will be seen later that

the solar cell short-circuit current output (calculated from sample No, 51
reflectance data) actually increases as the angle of incidence changes from 12

to 62 degrees. This inverse relationship between absorptance and solar cell
output points out the need for carefully measuring the spectral reflectance

of a surface when interference characteristics are present in the reflectance
data. The reflectance in the wavelength region near the peak of the solar

cell spectral response is particularly important.

As previously discussed, a large number of change-in-reflectance ( A R) versus
wavelength plots were preparced from DK-2A reflectometer data on the low-
emittance anodic coatings. Thesce curves were obtained by measuring the
reflectance of an irradiated sample relative to a similar control sample. The
majority of these AR plots for low-cnergy protontests is given in Figures C4
through C28in Appendix C;however, three typical graphsare shown in Figures 31,
32, and 33in the text. The curves shownin Figures 31, 32, and 33 represent
typical effects of proton fluences ofabout 1x 1015 1x l()w, and1x1017 protons/
sq.cm, These charts very clearly indicate the lnrge deercasce inreflectance innarrow
wavelength bands and the change in these bands as the Tuenee inereases. By
comparing these A R plots with the absolute reflectancee plot (Figure 29) it

can be seen that the maximum changes in reflectance occur at the wavelengths

of characteristic interterence reflectance minima, It can atso be noted that

the wavelengths of the interference minima shift to targer values as the

fluence is increased. The type of reflectance changes observed may be explained

s |
oy |
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Table 4: SOLAR ABSORPTANCE DATA

Integrated Particle
Specimen Flux, Energy, Solar Absorptance, ¢

No. Protons/sq.cm. Kev 12° 22° 62°
21 Control Control 0.120 0.119 0.108
36 Control Control 0.120 0.119 0.108
20 1 x 1016 7.7 0.120 0.119 0.108
29 1 x 1016 4.7 0.120 0.119 0.108
51 9.25 x 1016 3.4 0.232 0.303 0.301

178%* 1 x 1016 7.4 0.08S 0.088 0.108

180** Control Control 0.033 0.081 0.103

161A Control Control 0.107 0.101 0.114

162A Control Control 0.107 0.112 0.122

214 Control Control 0.181*

233 Control Control 0.157%

*Calculated from DKR-2A reflectance data, measured at about 5 degrees

_from normal.

**Measured at 10°, 20°, and 60° from normal,
’ 1

ab
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by either or all of the following thrce types of changes of the anodic film:

(1) an increase in the rciractive index; (2) an increase in film thickness; and
(3) deposition of a thin reflective film onto the anodic film. Determination
of specific radiation effects was beyond the scope of this program.

The changes in solar reflectance ( A Rg) produced by Kev-energy protons was
found to be negligible at integrated fluxes of 1 x 1015 protons sq.cm., less than
ARg=-0.01at1lx 1016 protons/sq.cm., and ARg =-0.13 at 1 x 1017 protons/
sq.cm. The foregoing A Rg values calculated from DK-2A reflectance data
can be compared with similar values calculated from Gier-Dunkle reflectometer
data (Table 4). For sample No. 51, the A Rg values for DK-2A and Gier-
‘Dunkle data are 0.149 and 0,112, respectively. The difference between these
two values is probably due to instrumentation errors or to the strong angular
dependence of reflectance. The DK-2A data was measured at 5 degrees from
normal and the Gier-Dunkle at 12 degrees. A plot of the change in solar
reflectance ( A Rg) measured on the DK~2A reflectometer versus integrated
proton flux i{s shown in Figure 34. It can be seen from this curve that the
threshold of measurable change ( A Rg = 0.01) in solar reflectance occurs
at about 3 x 1016 protons/sq.cm. Although the points on this curve represent
tests using proton energies varying from 3 to 9 Kev, it was assumed valid to
draw a single curve through them. The effect of particle energy on solar
reflectance could not be conclusively established for anodic coated samples.

The AR of sample Nos. 20 and 31 were measured at two different time intervals
after irradiation to determine whether annealing effects were significant.

The A4 R curves for sample No. 20 measured at 42 and 330 hours after irradia-
tion showed considerable annealing as shown in Figure C25. However, sample
No. 31 measured at 20 and 165 hours after irradiation (Figure C15) showed a
very small annealing effect. Although annealing of retlectance of anodic coated
aluminum was observed, no conclusions can be made because of the lack of data.
Annealing studies were beyond the scope of this contract,

No ARy curves were prepared for low-emittance anodie coatings irradiated with
2.5 Mev protons, because reflectance changes were negligible.  VFluences in the
2.5 Mev proton tests ranged from 7.1 x 1012 in the center of the outer ring of
samples to 2.95 x 1019 protons/sq.cm. at the inner edge of the inner ring.

An important objective of the contract was to determine whether the charged
particles (particularly the Kev-cnergy particles) would inerease the diffuse
reflectance or decrease the specular reflectance of the specularly refleeting
surfaces, The results of typical diffuse reflectance measurements on low-
emittance anodic coatings arce shown in Figure 35, Tt was concluded from these
curves that the diffuse or specular reflectance of avricr-Liver anodie coated
aluminum does not change after Muences as high as 1 x 1ot? protons sq.cm,
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Numerous diffuse rcflectance measurements were performed on anodic coatings
hut the data were not reproduced in this document because changes were no

larger than those shown in Figure 35. The conelusion that diffuse reflectance
does not change is substantiated by electron photomicrographs of surfaces of

low emittance anodic coatings before and after irradiation (Figures 36 and 37),
The photomicrographs, at 21,600x, indicate that the surface may have actually
been smoothed by the irradiation. It is not known whether the dark blotches

on the before-irradiation micrograph are cavities, protrusions, or residue on

the anodic surface. Similar dark blotches have been observed on photomicro-
graphs of Alzak anodic surfaces. The apparent blisters in Figure 37 are

actually cavities in the anodic surface, not blisters. -These cavities are

only sparsely located and are blieved to be at locations where electrical
breakdown across the anodie film occurred. A photomicrograph of a tvpical

large "spark cavity"” is shown in Figure 38. This cavity is about 14.5 microns

in diameter and has 0.3 micron diameter pits in the cavity floor. Electrical
breakdown across the anodic film was particularly prevalent in 1 to 4 Kev

tests where charge-buildup occurred. Formation of spark cavities cannot be
treated as a space radiation effects phenomenon because the charged particle fluxes
in space are orders of magnitude lower than fluxes used in the tests, and the solar
wind is believed to be a neutral plasma.

Infrared reflectance measurements were performed on about 13 samples to
determine whether low energy protons have any effect on emittance or chemical
bonds. Typical infrared reflectance curves for a control sanple and for
samples exposed to 1 x 1016 and 1 x 1017 protons/sq. cm. are shown in Figure
39. The emittances in the 1to15 micron wavelength region of all three of these
samples were calculated to be 0.06. Emittances arc tahulated in Appendix D.
No conclusive changes in infrared reflectance werc observed at fluences as
high as 1 x 1017 protons/sq. cm. of low cnergy protons.

The effects of low-energy alpha particles on low-emittance anodic coatings can
be observed in Figures C13 and C29 through C36 in Appendix C.  Although 27 low
emittance anodic coatings were exposed to Kev-energy-alpha particles, only

14 reflectance plots were prepared hecause insignificant reflectance changes
occurred on the other samples., It was originally planned to expose samples

to low-energy alpha particles’in the energy range of 2 to 16 Kev and {Tuences

of 1 x 1013, 1 x1014) and 1 x 1015 alphas/sq.ecm. However, beeausce of the
small reflectance changes observed at flucnces of 1 x 1014 qnd 1 x 1015

alphas ‘sq.em., it was decided to substitute several cxposures at 1 x 1018 oy
the planned tests at 1 x 1019 alphas /sq. cm.

The type of reflectance change produced hy low-cnergy alpha particles was found
to be similar to that produced by low=-cnergy protons. A tlucnce of 1 x 1016
alphas . 'sq.cm. produced a change in solar reflectance ol ARg - -0.031. This
change in absorptance is about three times the change produced by a comparable
fluence of Kev-cnergy protons,  No appreciable solar reflectance changes

o}



BARRIER —LAYER ANODIC COATED ALUMINUM BEFORE IRRADIATION
85 FIGURE 386




BARRIER—LAYER ANODIC COATED ALUMINUM AFTER IRRADIATION

[ 2
9.3 KEV PROTONS -'lxlosplcu FIGURE 37
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TYPICAL LARGE SPARK CAVITY ON ANODIC COATED ALUMINUM AFTER IRRADIATION
93 KEV PROTONS — mo's p/cM? FIGURE 38
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occurred at fluences below 1 x 1016 alphas/sq.cm. Itisapparent from the AR versus
wavelength plots (Figures C13and C29 through C36) that the reflectance change

at the 0.278 micron wavelength minimum varied considerably between samples
exposed to the same fluence (for example, 1 x 1016). Variations of this type

and magnitude were not observed in Kev-energy proton experiments. This
variation in reflectance could have been caused by either energy-dependent
effects, errors in current measurement, or differences in fluxes.

Electron photomicrograph observations of a low-emittance anodic coated sample
bombarded with 8 Kev alphas, revealed a smooth appearing surface similar to
that observed on proton irradiated samples. However it was noted that a

small portion of the surface was covered with irregular-shaped protrusions or
cavities (Figure 40). These irregularities were located in a band about 12
microns wide as shown in the figure.

2.7.1.2 High-Emittance Anodic Coated Aluminum — A plot of the absolute
reflectance of control sample No. 161A, measured at 12, 22, and 62 degrees
from normal is shown in Figure 41. A similar plot for sample No. 's 162A and
162B, measured on the DK-2A reflectometer, is shown in Figure 42, Other
relative reflectance curves which show the effects of low energy protons on the
high-emittance anodic coatings are given in Appendix C (Figures C37 and C38).
Figure 42 shows the reflectance of a control sample and a specimen irradiated
with a fluence of 1 x 1016 protons/sq.cm. of 8 Kev protons. The nature of the
spectral reflectance changes in the high-emittance anodic coatings is different.
from the changes observed in the low-emittance coatings. The reflectance of
both the interference maxima and minima, in the thick coating reflectance
curve, decrease after irradiation with 1 x 1016 protons/sq.cm. Note also,
that the irradiated high-emittance anodic coating (No. 162B) has shorter
wavelength maxima and minima than the control samplc (No. 162A), whereas,
the minima wavelengths of low-emittance anodic coatings shifted to longer
wavelengths., The shift in wavelength of maxima and minima in the high-
emittance coatings may be due to thickness variation of the anodic film between
the two samples taken from the same sheet. This thickness variation may be
the result of differential attack in the phosphoric acid bath following anodization
(Section 2,3.1).

The solar absorptances of samplce Nos, 161A and 162A measuraed at 12, 22, and
62 degrees are given in Table 4. The absorptances given in the table vary

from 0.10 to 0,122, The change in solar absorptance or reflectance of sample
No, 162B was found to be less than A Rg = =0.01 (negligible) for a Mlucnce of

1 x 108 protons ‘sq.cm. of 8.7 Kev protons, Similarly, irvadiation with
smaller fluences of low and high energy alpha particles and high encergy protons
did not produce signiticant changes in solar reflectance.  Since a degradation
threshold (4 Rg ™ 0,01) was not reached, it can only he concluded that fluences
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BARRIER — LAYER ANODIC COATED ALUMINUM AFTER ALPHA PARTICLE IRRADIATION FIGURE 40
8 KEV ALPHA PARTIOLES 9.6XI0|2(/CM2 70
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of greater than 1 x 1016 protons/sq.cm. of Kev-energy protons will be required
to produce a significant decrease in solar reflectance. The infrared reflectance
data on high emittance anodic coatings is shown in Figure 43. Typical emittances
varied from 0,25 to 0,28 as shown in Appendix D, and were not affected by
irradiation with low energy protons.

2.7.1.3 Chemically Brightened Aluminum-— The change-in-reflectance ( A R)
plots for chemically brightened aluminum exposed to low energy protons are
shown in Figures 44 and 45. Because the reduction in reflectance was small in
the intense region of the solar spectrum, no measurable change in solar
absorptance occurred at an integrated proton flux of 6.1 x 1015, The shift in
reflectance-change from the ultraviolet to visible wavelengths, noted in the two
figures for different integrated fluxes, suggests that a decrease in solar reflec-
tance will occur at a slightly higher integrated flux.

The nature of the reflectance change indicates that the degradation may have
been caused by a roughening of the surface by either sputtering or blistering
processes. Examination of the surfaces by electron photomicrographs revealed
that the low energy protons caused blistering of the surface. Photomicrographs
of chemically brightened aluminum before and after irradiation are shown in
Figures 46 and 47. The photomicrograph of an unirradiated sample (No. 190)
shows an extremely smooth surface except for what are believed to be oriented
etch marks from the brightening bhath (Section2.3.1). The photomicrograph of
sample No. 139 shows that the blisters have a definite pattern in their
formation which is apparently not associated with surface etch marks. The
size of the largest blisters in Figure 47 is about 0.3 microns. A study should
be conducted to determine the process of formation of these blisters and their
effect on solar concentrator performance.

The effect of low energy protons on the infrared reflectance of chemically
brightened aluminum is shown in Figure 48. The reflectance of control sample
No. 196 is compared to the reflectance of exposed sample No. 187 which was
irradiated with 4.6 x 1015 protons/sq.cm. at 8.2 Kev. Although a small decrease
in reflectance occurred, the calculated emittance for both curves in the 1 to

15 micren wavelength region is about ¢, 08, Thus, it was concluded that a
fluence of 4.8 x 1015 protons /sq. cm. of 8.2 Kev protons has a negligible

effect on emittance,

No A R retlectance curves are presented for samples irradiated with low energy
alphas, high energy alphas, and high energy protons since negligible damage
occurred in those tests,

2.7.1.4 Vapor Deposited Aluminum — A typical plot of the absolute spectral
reflectance of a vapor deposited aluminum control sample (No, 130) and an
exposad sample (No. 178) is shown in Figure (19, The vellectance data shown

1
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in Figure 49 were measured at a 10-degree angle from normal incidence using:
the Gier-Dunkle reflectometer. Calculated solar absorptances for angles of
incidence of 10, 20, and 60 degrees for these two samples are shown in Table 1.
The solar absorptances at 10 degrees of sample Nos. 180 and 178, respectively,
are 0.083 and 0.033, This indicates a change in solar absorptance of only

Aa g =0,005 or a percentage change of 0.5 percent after irradiation with 1 x
1016 protons,/sq. cm. with 7.4 Kev protons. Rotating the samples from 10 to

60 degrees caused the solar absorptance to increase by Aa g = 0.02.

For comparison purposes, it was found that the change in solar absorptance
observed on sample No., 178 from DK-2A reflectance data (Figure 50) is

Aa g =0.015. The changes in absorptance derived from reflectance data from
different reflectometers are not in agreement, however, the changes are small
and are probably less than typical measurement errors or are due to the
different angles of light incidence used in the two instruments. The change in
spectral reflectance measured on the two instruments can be compared in
Figures 49 and 30. A comparison at 0.3 microns shows a decrease in reflec-
tance of about 16 percent and 11 percent for the Gier-Dunkle and DK-2A
reflectometers, respectively.

At 0.5 microns the changes are -1.0 percent and -1. 0 percent, respectively.
Thus, the two sets of data are in fair agreement considering the differences
in measurement techniques and the magnitude of the changes.

The decrease in total hemispherical reflectance of sample No. 178 is accom-
panied by an increase in diffuse reflectance as shown in Figure 49. The spectral
change in diffuse reflectance measured with both types of reflectometers is
shown in the figure. The comparison between data taken on the two instruments
is in fair agreement.

A possible explanation for the increase in diffuse reflectance and decrease

in total hemispherical reflectance (which becomes larger as wavelength becomes
smaller) is an increase in surface roughness. Roughness on the surface could
both scatter reflected light and cause increased light absorption due to

multiple reflections, It was first suspected that the visual diffuseness

observed on the irradiated samples was caused by spultering.  However, cleetron
photomicrographs revealed a blistering phenomenon on the surface of the vapor
deposited aluminum similar to that observed on the chemicatly brightened
aluminum. Typical photomicrographs of vapor deposited aduminum surfaces
before awnd atter irradiation with 1 x 1018 protons sg.cm. are shown in Figures
51 and 52, Note that the univeadiated vapor deposited atuminum savface is
rougher than the chemicatly brightened aluminum surtace shown in Figure 16,
This surface roughening, caused by the vapor deposition process, reduces the
reflectance of the surtace.  The eteh marks on the chemically brightenced
aluminum surface are actually aceentwated by the vapor deposition ol additional
aluminum,
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VAPOR DEPOSITED ALUMINUM SURFACE BEFORE IRRADIATION

FIGURE 5| 83
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PROTON INDUCED BLISTERS ON VAPOR DEPOSITED ALUMINUM SURFACE
FIGURE 52 84
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After irradiation with Kev-energy protons, the aluminum surface becomes almost
completely covered with small blisters (about 0.2 microns dia meter) and large
blisters (varying in size from 0.6 to 3.0 microns diameter). A rough calculation
of the height of a 3-micron diameter blister indicated it to be 0.4 to 0.3 microns.
It is interesting to note on the blistered photomicrograph that onc blister (top
left) has actually collapsed due to either internal gas pressure or the replication
process. Small pinholes are evident at the periphery of other large blisters.

As noted in Section 2. 3.3, the thickness of the vapor deposited aluminum film
was measured to be about one micron. The estimated range of penetration of

the 7.4 Kev-energy protons is 0.2 microns. The question of whether the blisters
(particularly the large ones) represent separation of the vapor deposited film
from the substrate cannot yet be definitely answered. Electron micrographs of

a cross section of a blistered surface, taken just prior to publication of this
report, indicated that the range of 7.4 Kev protons is no larger than 0.2 microns
and that the gas pockets form in the vapor deposited film. This conclusion is
somewhat substantiated by the apparent thickness of the skin of the collapsed
blister shown in Figure 52 which showed the skin thickness to be about 0. 024
microns. Although the ranges of the protons as estimated by two different
methods are not in good agreement, they indicate that the large blisters are

not separation of the film from the substrate. Further analyses of blistered
surfaces are recommended to resolve the unknowns of the blistering phenomena.

The effects of 8 Kev alpha particles on a vapor deposited aluminum surface are
shown in Figure 53. The nature of the reflectance change produced is similar
to changes produced by low energy protons.

The Mev-energy protons and alpha particles did not produce a significant damage
and thus no A R plots are shown for them.,

2.7.1.5 Zinc Oxide/Potassium Silicate Coatings — The effccts of low energy
protons on the reflectance of zinc oxide/potassium silicate (Z-93) thermal
coatings are shown in Figure 54 and Figure C43 in Appendix C. The characteris-
tic reflectance changes on these coatings consist of a shift of the ultraviolet
cutoff wavelength and a general decrease or incerease in reflectance in the
infrared region.  Solar absorptance changes resulting from low cnergy protons
varied from less than A e ¢ = 0.01 at the threshold of 1,5 x 1014 protons/sg.cm. ,
to A ag - 0.131 at 1 x 1016 protons/sq.cm. A plot of the change in solar
absorptance ( Aa g) as a function of fluence is shown in Figure 55, Assuming
that the proton flucnce for an Earth-Mars mission will he about -1 x 1019 protons
sq.em. (Appendix A) of primarily low encrgy protons, the change in absorptance
caused by these particles will be A a s 0.075, This represents a change of
(0.075/0,157)100 47,8 pereent based on an initial solar absorptance of 0,157
(Table 1),

The reflectancee of sample Noo 2380 was measured at time intervals of 41 hours
and 2300 hours alter irvadiation.  No mmncealing of vetlectance ditmage wis
observed over that time interval.,
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The effcets of 2.5 Mev protons on the reflectance of Z-93 coatings are shown

in Figures C44 and C45 in Appendix C. Resulting solar absorptance changes are
shown in Figure 55. Although only one data point was obtained where significant
damage occurred, it is indicated that the 2.5 Mev protons arce less damaging
than Kev-energy protons. To produce equivalent damage of Aa g = 0.025,
about 2.5 times more 2.5 Mev protons are required than Kev-energy protons.
Since the integral proton flux of energies greater than 2.3 Mev expected for an
Earth-Mars mission is only about 5 x 1010 protons/sq.cm., no reflectance
changes are expected from the protons of energy greater than 2.5 Mev.

The reflectance data for low energy alpha particles is shown in Figures C46
and C47 in Appendix C. Solar absorptance changes produced by the low energy
alpha particles are shown in Figure 55. The curve, drawn through the two
data points shown, closely coincides with the low-energy proton curve. The
fluence of primarily low energy alpha particles expected for an Earth-Mars
mission is about 4 x 1014 alphas/sq.cm. Thus, a change in solar absorptance
of Aa g = 0.01 is expected due to the low energy alpha particles. The per-
centage change in absorptance for the Earth-Mars mission due to low energy
alpha particles is (0.01/0.157)100 = 6.4 percent,

The reflectance data for 5,0 Mev alpha particle tests on the Z-93 coatings is
presented in Figures C48 and C49 in Appendix C. Solar absorptance changes
produced by the high energy alphas are shown in Figure 55. It was found that
the high-energy alphas are considerably more damaging than protons or alphas
of other energies. To produce equivalent dnmage of Aa s = 0.03, about 80
times more 2.5 Mev protons are required than 5.0 Mev alpha particles. The
estimated integral flux of alpha particles of energy greater than 5,0 Mev for
an Earth-Mars mission is 5 x 1010 alphas/sq.cm. (Appendix A). Since this
integral flux of high energy alpha particles is substantially below the damage
threshold of about 7 x 1013 alphas/sq.cm., no damage is expected from these
particles.

If the assumption is correct that effects of different particles are additive,
the total change in solar absorptance expected on an Earth-Mars mission for
the Z-93 coating is Aae - 0.075 + 0,01 = 0.085. This would correspond to
a percentage increasce in absorptance of (0.085/0,.157)100 = 54 percent,

Measurements of infrared reflectance were made on control saumple No, 227 and
exposed sample No, 232 to ascertain whether low energy protons would have any
effect on emittance. The results of these measurements, shown in Figure 56,
indicate that the reflectance degradation caused by an exposure to 1,0 x 1016
protons/sq.cm, of 7.7 Kev protons continues out to a wavelength of about 6.5
microns., The emittance of both specimens, however, was calceulated to be 0,855
indicating no change in emittanee,  The reason that the reflectance changes
without a corrvesponding change in cmittance is that a 22°C black-body spectrum
was assumaed in the caleulations and this specetrum has only about 7 percent ol

its energy at wavelengths shovter than 7 microns,

8¢)
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2.7.1.6 Zinc Oxide/LTV-602 Coatings — The effects of low energy protons on

the reflectance of zinc oxide/LTV-602 (S-13) thermal coatings are shown in
Figure 57 and Figure C50 in Appendix C. The characteristic reflectance
changes in the S-13 coatings are a slight increase in reflectance in the ultra-
violet region, a shift in the ultraviolet absorption cutoff, and a general decrease
or increase in the infrared wavelength region. A plot of the change in solar
absorptance (A a ) as a function of fluence for the S-13 coatings is shown in
Figure 58. For the approximate fluence of low energy protons expected for an
Earth-Mars mission (4 x 1019 protons/sq.cm.), a change in solar absorptance
of Aa g =0.048 will occur. This represents a percentage increase in absorp-
tance of (0.048/0.181)100 = 26. 5 percent based on the initial solar absorptance
of 0.181 given in Table 4. Note that this is lower than the change expected for
the Z-93 coatings.

The reflectance of sample No. 216 was measured at time intervals of 14 hours
and 2070 hours after irradiation. No annealing of reflectance damage was
observed.

The effects of 2.5 Mev protons on reflectance of S-13 coatings are shown in
Figures C51, C52, and C33 in Appendix C. Figure C53 shows the reflectance
measured at 3 different positions on sample No. 220 which was located in the
inner ring of the scattering chamber. Resulting solar absorptance changes are
shown in Figure 58. Although only two of the three samples irradiated in this
test showed measurable damage, the three reflectance measurements made on
the heavily damaged sample provided additional data points. It was noted in
this test that the heavily damaged S-13 coating exhibited cracking, however, the
coating still adhered to the aluminum. It can be seen in Figure 58 that the

high energy protons are more damaging to the S-13 coatings than the low energy
protons. The reverse was true for Z-93 coatings. To produce equivalent
damage of A a g = 0.085, about 2 times more low energy protons than high
energy protons are required. No solar absorptance changes due to high-
energy protons arc anticipated for an Earth-Mars mission,

The reflectance data for low-energy alpha particle tests are shown in Figures
C34 and C55 in Appendix C. The maximum change in solar absorptance obtained
in low energy alpha particle tests was Aa g = 0,005 at 1,49 x 1019 alphas/
sq.cm. Therefore, no correlations can be made between this data and results

of other tests. It can only be concluded that low energy alpha particles have

less effect than low encrgy protons on 8-13 coatings.

The reflectance data for high encrgy alpha particle tests is shown in Figures

CH6 and CH7T'in Appendix C. Figure Ca7 shows the reflectance measured at three
different positions on sample No, 224 which was located in the inner ring of

the scattering chamber, 'The resulting solar absorptance changes produced in
the S-13 specimens are shown in Figure 58, It can be seen in the figure that

-
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the high energy alpha particles were far more damaging than protons or low
energy alpha particles. To produce equivalent damage of Aa ¢ = 0.05, a factor
of about 74 more high energy protons than high energy alpha particles is required.
The anticipated change in solar absorptance on an Earth-Mars mission due to
high energy alpha particles will be negligible because of the low integral flux

of the high energy alphas.

Summarizing the expected charged particle damage to the S-13 coating for an
Earth-Mars mission, the total change in solar absorptance will be A a g = 0.048
+0.005 = 0.053. This represents a percentage increase in absorptance of
(0.053/0.181)100 = 29, 3 percent,

Measurements of infrared reflectance were made on control sample No. 214
and exposed sample No. 216 as shouwn in Figure 39. Contrary to results
obtained with Z-93 coatings, the S-13 sample exposed to 6.1 x 1015 protons/
8q.cm. of 8.2 Kev protons exhibited an increase in reflectance out as far as
15 microns (the measurement limit). As a result of this, the emittance of
sample No. 216 changed from 0. 39 before irradiation to 0.835 after irradiation.

2.7.2 Short Circuit Current Output of Solar Cell Concentrator Panel

The primary goal of this contract was-to determine the effect of protons and
alpha particles on the performance of V-ridge concentrating solar cell panels.
A simulated Earth-Mars mission was of particular interest since panels of this
type have been proposed for that mission. An estimatc was made of the
respective fluences of protons and alpha particles for an Earth-Mars mission
(Appendix A). Since the estimates of fluences are subject to change as more
space environment measurements are made, the short-circuit current output of
the panel was calculated for a range of fluences. The short-circuit current
was calculated rather than power output because it could be obtained directly
from the spectral responsc data and is directly proportional to the power
output. Details of the method of caleulation were discussed in Section 2.6. 3.

The results of solar cell current caleulations are shown in Table 5. As noted
in the table, calculations were made trom DK-2A reflectance data on exposed
sample No.'s 29, 33, and 12, Changes in short cireuit current in these
calculations were based on data {rom control sample No. 10, Calculations
were also made using Gicr-Dunkle reflectometer data on exposed sample No.'s
29 and 51. For the Gier-bunkle dat catealations ) changes were based on

the reflectance of control sample No, 21, On sample No,'s 29 and 51, the
change in short-circuit curreat was calculated lfor angles of 12 degrees and

62 degrees from normal,

It was found that a fuence of 1 1018 protons s¢.em. will produce an insig-

nificant change in output of the solav cetls, The DR-20 data on sample No, 29,
measurad at 5 degrees rom normat, showed o deercease of only 0,12 pereent,
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The Gier-Dunkle data on the same sample showed an increase in output of
0.07 and 1.13 percent for angles of 12 degrees and 62 degrees, respectively.
In a concentrating solar cell panel the light is reflected at an angle of

about 60 degrees from normal. Therefore, it can be concluded that a fluence
of 1 x 1016 protons,;sq.cm. of 4.7 Kev protons will produce a slight increase
(1.13 percent) in solar panel output. The unexpected increase in reflectance
is caused by the partial elimination of the characteristic aluminum absorption
band at 0. S3 microns when the surface is rotated to 60 degrees from normal
as shown in Figure 30. At this particular angle of incidence, an interference
maximum is located at about the same wavelenath as the aluminum absorption
minimum. The net result is a substantial increase in reflectance in the
wavelength region near the peak of the solar cell spectral response (0. 353
microns, Figure 27).

Significant reductions in solar cell output did occur for surfaces bombarded
with fluences in the range of 1 x 1017 protons sq.cm. The calculations based
on DK-2A data showed decreases in short circuit current of 13.8 and 32.2
percent for fluences of 1.01 x 1017 and 1.47 x 1017 protons/sq.cm., respec-
tively. Calculations based on Gier-Dunkle reflectance data at 12 degrees from
normal showed a decrease of 7.8 percent for a tfluence of 9.25 x 1016 protons /
sq.cm. The 6 percent difference between the results obtained by two different
reflectance measuring techniques may be attributed to measurement ervors,

_ the 7 degree difference in viewing angle, or possibly the difference in proton
energies and fluxes. The maximum decrease in short-circuit current noted
was 32.2 percent for a fluence of 1.47 x 101" protons/sq.cm.

In general, it was concluded from these caleulations that the change in
solar-cell short circuit current output for an Earth-Mars mission will be
negligible. A similar conclusion can be made for solar wind alpha particles
and solar cosmic ray protons and alpha particles based on their respective
reflectance data.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

following conclusions can be made as a result of the research conducted under

JPL Contract 95099s:

1)

2)

3)

The
1)

2)

3)

1)

The solar reflectance or absorptance of the harrier-layer anodic coated
aluminum reflective surfaces is not expected to change as a result of solar
charged-particle irradiation on an Earth-Mars mission. Conscquently, it
was also concluded that the short-circuit current output of a solar cell
concentrating panel will not change on the same mission because of the
negligible reflectance change.

The solar absorptances of the zinc oxide/potassium silicate (Z-93) and zinc
oxide/LTV-602 (S-13) spacecraft coatings will increase substantially due to
solar charged-particle irradiation on an Earth-Mars mission.

Test procedures and facilities developed in this program proved to he
satisfactory for irradiation of samples.

following recommendations are presented:

Selected test samples which were bombarded with protons or alpha particles
in this program, should be irradiated with an uliraviolet exposure typical

of an Earth-Mars mission. Similar samples which have not previously been
bombarded with charged particles, should also be exposed to ultraviolet in
the same test. This follow-on type test is recommended because it is
believed that coatings will degrade much more rapidly in ultraviolet tests
when they have previously been irradiated with protons and alpha particles.

A preliminary test in a Boeing rescarch program has shown that barrier-
layer anodized aluminum degrades a significant amount when exposed ultra-
violet radiation after irradiation with protons. The ultraviolet follow-on tests
should he seriously considered beeause they would provide additional valuable
data, applicable to Voyager vehicle design, at a relatively low cost compared
to the cost of sample irradiation with charged particles.

Both the S-13 and Z-93 whitc coatings should be subjected to additional
Kev-cnergy proton and alpha particle tests, The purpose of these tests
would be to more accurately establish the dependence of damage on particle
energy and type, and to obtain more data on the change in solar absorptance
versus fluence.

The blistering phenomena observed on aluminum surtaces should be studied in
much more detail to determine the mechanism of tormation, the eftect on me-
chanical and chemical propertics, and the effect on optical propertics such as
specular reflectance, and the effect of particle energy on blister formation.

A study of the range of 1 to 10 Kev-cnergy protons and alpha particles in
solids should be conducted.  Radiation offeets analyses and eneryy loss
(dE/dx) studies are of questionable accuraey sinee oxisting data in the o
10 Kev range has heen extreapolited from higher cnergies,
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5.0 APPENDICES
APPENDIX A
STUDY OF THE RADIATION ENVIRONMENT FOR AN EAR TH-MARS MISSION

The purpose of this study was to estimate the charged particle radiation eviron-
ment for an Earth-Mars mission. The radiation environment of interest consists
of protons and alpha particles emanating from the sun, the solar wind at low
energies and solar cosmic rays at high cnergies. The solar wind is the continuous
expansion of the solar corona and has been measured by satellites which went
beyond the magnetosphere. Data from Explorer Xl, Lunik O and III2 indicate

that the solar wind, while continuous, has turbulent variation associated with
magnetic irregularities in interplanetary space. Velocity variations range from
300 to 800 km /sec with occasional excursions to 1200 km/sec, and the particle
density varies from 1 to 30 particles/ecm3 with an average of 3 particles/cms3.
Investigations currently being made by Mariner 4, IMP-I and OGO-I will give a
better definition of the solar wind, and as these studies are continued over the
next several years the solar cycle variation will be determined. An evaluation

of the 230-day Mars mission indicates a proton fluence of 4 x 10%° protons/sq.cm,
with an average energy of 1 Kev., and an integrated alpha particle flux of

4 x 1014 alphas/sq.cm. with an average energy of 2 Kev. from the direction of
the sun.

The model environment for solar cosmic ray protons is shown in Figure Al. This
evaluation derives from the work of Webber4 and is based on 1959, the year of
maximum solar cosmic ray activity of solar cycle 19. The values below 10 Mev
are an extrapolation of the exponential rigidity Sspeetrum, but have been enhanced
to account for the "magnetic storm particles. '™»% Very few measurements

have been made of solar cosmic rays below 10 Mev and the available data are not
in good agrecment. Observations of polar glow aurora during polar cap absorption
events * indicate few particles below 1 Mev, thus the integral spectrum below

1 Mev is expected to become flat, Mceasurements made at the same time with
rocket-borne scintillation counters indicate a steeply rising spectrum below 1
Mev. Both of these measurements were made near the earth where the geomagnetic
ficld can greatly affect impinging low energy particles.  An adeguate definition

of the soular cosmic ray spectrum at tow cnergies will be made by the current
generation of satellites which have measurement capability at low energy and
which probe beyond the magnctosphere. A model enviromment Tor 2 mission
during a more average year than 1959 would show omnidirectional proton fluxes
reduced by about one order of magnitude and a somewhat flatter spectrum,

A model eavironment for solar cosmic ray alpha particles, derived from Webber's
values, is also shown in Figure Al. The evaluation is again basaed on the maxinmum
year 1959, These values are more tenuous than those piven for protons sinee

the uncertainty in the alpha particle component ol solar cosmic radiation is about
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50 perecent, and beecause the low energy values are larger extrapolations in energy
than for the protons. The fluence of solar cosmic ray alpha particles for a
mission during a more average year would be about two orders of magnitude

less, since 1959 was dominated by four alpha-rich solar particle events.

1)

2)

3)

4)

5)

6)

7)
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APPENDIX B

CALCULATIONS OF SCATTERED PROTON AND ALPHA PARTICLE FLUX
DISTRIBUTIONS

Calculations were made of the scattering of 2.5 Mev protons and 5.0 Mev alpha
particles from a thin gold foil. The purpose of scattering was to provide high
fluxes of charged particles for uniform exposure of large numbers of specimens.
Scattering considerations included: (1) optimum scattering foil thickness,

(2) elastic nuclear scattering (Rutherford-Coulomb) cross sections, (3) elastic
electron scattering (Thompson-Gaussian) angular distribution. These three
calculations will be discussed in respective order.

Calculation of Foil Thickness:

Criteria for determining the optimum scattering foil thickness include satisfactory
compromises between: (1) minimum loss of charged particle energy resolutions;
(2) maximum uniformity in scattered flux as a function of scattering angle from
the straight-through beam; and (3) minimum heating of the scattering foil at
maximum incident beam intensities. The energy loss per particle (A E)in the
scattering foil can be calculated from the differential energy loss (dE dx) of
the particle, the foil density (¢ ), and foil thickness (d) as follows:

d

d
AE:[d’i'dx 1)

o

1

For particles incident on a foil which is thin compared to the particle range,
the rate of energy loss (UE/dx) during penctration is approximately constant,
Thus,

dE
AE:d—)E ed )

- For 2.5 Mcv protons passing through guldl (e =19.32gmem V), ?{E‘ is
approximately 44 Mev em? gmL. Thus,

AE=0.085d (83}

where d is the foil thickness in microns and A K is the encrgy foss in Mev,
Doubly jonized alpha particlies of 5.0 Mev energy have about the same :'{{

and thus, the same A V.

The power depositaed in the scattering foil is determined by the particle energy
loss in the foil and the incident particle flux (@) as follows:

P= 0 AFE H

AR
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The particle flux is determined from measurements of the incident beam current,
(). For protons, which arc singly ionized hydrogen, the particle flux is
given by,

Gp =(6.24 x 1012 protons scc.1 micro amp-l) I (3)

-9
where 1 is the incident beam current in units of microamps cm ~. For alpha

particles, which are doubly ionized helium, the particle flux is given by,
12 . -1 . -1 -
6, =(3.12x10 " alpha particles sec microamp ~)(I) (8)

The power, in watts, deposited in a thin gold foil by 2.5 Mev protons can he
calculated from Equations 3, 4, and 3 as follows:

pp: 0.0851d @)

Similarly, the power deposited in a thin gold foil by 3.0 Mev alpha particles
can be calculated from Equations 3, 4, and 6 as follows:

PT0.0421d )

The temperature, (T), which the gold foil will attain during scattering is cai-
culated by equating the energy deposition and energy radiation from the foil.
Assuming negligible conduction of heat to the foil holder (valid for very thin
foils of large diameter) and no convection, the equilibrium equation is
s~ 4
P=2te AT -T 4)
w

where ¢ is the cmittance of the foil, A is the surface area of one )sidc of the
foil, e is the Stefan-Boltzmann constant (5.67 x 10712 atts em ™ dog"* K).
and T, is the temperature of the walls surrounding the foil. Solving tor T

- gives,

4 1/4
T= [(P/z e a A)+ Tw ] _ um

The emittance of unoxidized gold is 0,02 at 100°C and 0,03 at 300°C, The wail
temperature was assumed to be 300°K.  The approximate ecquilibrium temperature
of the gold foil during scattering can he caleulated for 2.3 Mev protons from

~

Equations 7 and 10 as follows:

1/ .
~ 11 ‘ i}
TT J@B.0x 10 Td/A) 8.1 x 10 (an
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Similarly, the foil temperaturce for 5.0 Mev alpha particle scattering can be
calculated using Equations 8 and 10 as follows:

1 9 1/4
T= [(1.5x10 Id/A)+ 8.1x10 (12)

Solving Equation 9 to determine the maximum power (Pm) which the foil can foil
withstand without melting (T <1063°C) gives,

P =1.08 A watts (13)
m

where A is the surface area of the scattering foil which is approximately equal
to the incident beam spot size.

The maximum foil thickness as determined from Equation 3 is calculated from
the maximum tolerable energy loss, A Em' For 2.5 Mev protons or 5.0 Mev
alpha particles,

d F11.8 AE_ 14)

where d, is given in microns.

The maximum incident beam current, Im, is determined from Equation 13 and
Equations 7 and 8, respectively, for 2.5 Mev protons and 5.0 Mev alpha particles.
For 2.5 Mev protons

1_¥12.7 A/ (15)
m
and for 5.0 Mev alpha particles
1 525.4 A/d (16)
m
where Im is in microamps, A is incm, and d is in microns.
The actual values of foil thickness and beam current arc determined from Equa-
tions 14, 15, and 16 and maximum uniform beam scattering with minimum loss of
encrgy resolution, The arca of the foil, A, is determined from a compromise
between maximum uniform beam defocusing, the strength of the foil (sensitive to
pressure differences during pump-down), and minimum deviation from a point
source,

Calculations of Elastic Nuclear Scattering:

-ty
The fluence (@) (particles cm 7Y of charged particles from clastic nuclear
D
) . ‘ . :
scattering® can be caleulated from the following cquation:

10D
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-')
Q(6)=ndItR o, (6,L) (7)

where n is the atomic density, d is the scatterer thickness, 1 is the incident
beam current intensity, t is the c¢xposure time, R is the radial distance from

the scatterer, and °Q( ¢ ,E) is the Rutherford scattering cross section. Elastic
scattering dominates inclastic nuclear scattering at low energies (2.5 Mev
protons and 5.0 Mev alpha particles) and even to fairly large scattering angles,

-3
The atomic density, atoms cm ', is given by

-1

n=¢N A
ot

(18)

where @ is the density of the scattering foil, Ny is Avogadros number
(6.03 x 1023 atoms/at.wt.), and A¢ is the atomic weight of the scatterer. The
Rutherford cross section, o g ( # ,E) in units of cm” is given by

2

egl 0 ,E)_=e4 z* z2/1(_3£ sin4( 0 /2) (19)

-10 . , .
where e is the electronic charge (4.8 x 10 e.s.u.), z is the atomic number of

the incident particle, Z is the atomic number of the scattering foil, E is the
energy of the particle, and ¢ is the angle of scattering in the center-of-mass
coordinate system. FEquation 19 is valid for laboratory scattering angles when
z << Z. For a gold scattering foil,

€=19,32 gm cm—3
-1
A=197.2 gm at wt.
Z=179
. . - 22 -3
Thus from Equation 18, n=5.9x 10" atoms cm . For 2.5 Mev protons,
12 -1 -
I=6.24x10  protons sec = microamps  (I)
z =1

-6 -6
E=205Mevx1.6x10  crg/Mev=4.0x10 org.

Then from Equations 17, 18, and 19, the charged particle Quence for 2,5 Moev
protons is,

-2 -4
Qo) 1.25x10 L ALR sin (6/2) (20)
and for 5.0 Mev alpha particles

3 I R
P(o) G.AXx1071 dt R sin 1( 6 /2 @
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Elastic Electron Scattering:

For charged particle forward angle scattering the contribution duce to elastic
electron scattering can also be calculated”. The probability function for
forward scattering is given by
2,2
2 -

P(0)=(2/ 0% ee ¢ /8
Thus the fraction of the beam scattered within an angle 46 is

o 2,2

/1)(6)cu=1-e"/ﬁ 23)
[¢]

The scattering parameter, # 2, is given by

p%=2x nd 2% ¢ 1n E/22° & 24)

where ag is the Bohr radius (5.29 x 10-9 cm) and the other symbols are defined
already for Equations 17 and 19. The scattered fluence in particles cm~2
microamp~1 as a function of angle can be calculated from changes in the values
of Equation 23 and changes in increments of area from solid angle considerations,
2x2R2 A (1 - cos #). For protons (singly ionized)
' 2,2
-0 2

q>(o)=6.zx1012 AQ-e /”)/2112 A(l-cose) (25
Figure Bl shows curves of ¢ ( # ) as a function of scattering angle for
applicable values of B “ (typical of foil thicknesses and energies involved),
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APPENDIX C - REFLECTANCE DATA.
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